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Experimental data and theoretical considerations relating to the process of epitaxy are 
reviewed. The case of e])itaxy resulting from vapor phase deposition of metals on rock salt 
is considered in detail and it is conchulr'd that a factor other than best fit determines the 
orientation. A model for epitaxy in metal-rock salt pairs is advanced which involves ioniza- 
tion of the metal atoms on the surface. The epitaxial temperature is found to be related to 
the ionization potential of the metal for the ionization state to be expected. It is found that 
the observed orientations of metals on rock salt are those that would be expected if such an 
ionization process occurred, that is, if the orientation involved charged ions rather than 
neutral atoms. 



1. Introduction 

The increasing importance that is being attached 
to thin films has been pointed out by Holland [1],^ 
and a number of applications have been cited by 
Lewis [2], who arbitrarily defines '^thin'' to mean of 
the order of 100 A. Recently the Electron Physics 
Section of the National Bureau of Standards has 
needed films that are not only thin by this criterion 
but that also retain the perfect orientation of a single 
crystal. Films of this kind were required both for 
the electron interferometer of Marton [3] and for 
experiments on the single inelastic scattering of 
electrons. 

For the interferometer a thickness of 100 A is per- 
missible, but the single-crystal structure must be 
perfect enough so that the diffraction pattern will 
consist of sharply defined spots when an electron 
beam is passed tlu'ough the film. For the scattering 
experiments, films of a single chemical species were 
desired, and to make negligible the possibility of 
plural and multiple inelastic scattering, a thickness 
of less than 100 A was indicated. It appeared that 
single-crystal metal films of this degree of thickness 
would be satisfactory for both applications, and that 
such films might be grown successfully on a substrate 
that would orient the growing deposit. Knowledge 
gained from an analysis of the experimental data on 
the formation of such films, along with new additions 
to the theory, are presented in this review of the 
process of epitaxy. 



2. Analysis of Existing Data 

The term epitaxy has been coined by Ro3^er [4] 
to designate the oriented overgrowth of one crystal- 
line substance on another. Although Royer's work 
was concerned entirely with growing a salt from its 
aqueous solution onto a single crystal of a different 
salt, epitaxy may also result when the deposit ma- 
terial is condensed from the vapor phase onto the 
substrate, when the deposit material is electrodepos- 
ited onto the substrate, or when the deposit material 
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is produced as a product of a chemical reaction that 
takes place on the surface of the substrate. 

Results of past experimental work have indicated 
two general conditions that are necessary for the 
formation of oriented single-crystal metal films. 
These are (1) a certain amount of fit between the 
lattice of the substrate and that of the deposit ma- 
terial, and (2) a characteristic substrate temperature 
(epitaxial temperature) associated with every metal- 
substrate pair below which perfect orientation is 
not obtained. 

For use in the interferometer and in the scattering 
experiments, the film must be removed from the 
substrate. Rock salt, which is easily obtained in 
single-crystal form, and which can be removed from 
the metal films by solution in water, is a satisfactory 
substrate from this standpoint. B}^ using substrate 
temperatures that are tabulated in the lit-er'ature for 
about six metal-rock salt pairs, very thin films of a 
number of these metals have been condensed from 
the vapor phase by J. A. Sudd(4h and T. F. McCraw 
of the Electron Physics Section of the National 
Biueau of Standards. Not all of these films have 
desirable properties. The gold films are very nicely 
oriented if tlu^ rock salt cleavage face is maintained 
at 400° C during the deposition of the metal. They 
are transparent; blue light is transmitted. They 
have, however, the undesu-able property that the}^ 
collapse under their own weight at this extraordinary 
thickness because of the low interatomic forces of 
attraction between the gold atoms. Figure 1 is tlie 
electron diffraction pattern of one of the few gold 
films of this order of thickness that were successfully 
mounted by Suddeth and McCraw. 

The electron diffraction patterns of silver films 
show that these films are well oriented if the cleavage 
face of the rock salt is maintained at 150° C during 
the deposition of the metal. Silver films of this 
order of thickness are sturdy but are full of small 
holes. See, for example, the electron micrograph 
shown in figure 2, where the angular structure of the 
holes (angles of 45 and 90 degrees) clearly indicates 
the cubic lattice type for silver. Johnson [5] has 
followed the structural changes of thin oriented silver 
films that were condensed in a vacuum on rock-salt 
cleavage faces as a function of temperature. For 
films of 1000 to 2000 A he found that rectangular 
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Figure 1. Electron diffraction pattern of a thin gold film 
evaporated onto the cleavage face of rock salt. 



holes appeared in the films. Their edges were alined 
with the [110] direction of the rock salt. He attrib- 
uted the effects to the readjustment of the oriented 
surface under the influence of surface-tension forces. 
To extend experimental investigation to a variety 
of metals for which data are not available in the 
literature, it became desirable to be able to predict 
reasonably well not only the best substrate for maxi- 
mum orientation but also the characteristic epitaxial 
temperature to be expected for the pair. Generali- 
zations comparable to the rules of Royer [4] for epi- 
taxial deposits from solution do not exist in the case of 
condensation of metals from their vapors. The fol- 
lowing approach to the problem is an analysis of 
existing data to find a basis on which such predic- 
tions can be made. 

2.1. Criterion of Best Fit 

In regard to the first condition, it appears that in 
the case of metal films deposited from the vapor in 
a vacuum too much importance has been given to 
the degree of lattice fit between the deposit and sub- 
strate. This overemphasis of lattice fit seems to 
have grown out of the extensive work of Royer [4], 
Sloat and Menzies [6], and others on the epitaxy of 
salts deposited on various substrates from solution 
under which condition the degree of fit was appar- 
ently rather critical and the dielectric properties of 
the solvent played a role. It was further entrenched 




Figure 2. Electron micrograph of a thin silver film evaporated 
onto the cleavage face of rock salt. 



by the mathematical treatment of Frank and van 
der Merwe [7, 8]. Recently, however, Schulz [9] 
has concluded, even for deposition from aqueous 
solution, that close atomic matching at the inter- 
face is not required for an oriented overgrowth. He 
obtained oriented films by deposition from the vapor 
phase. He then dissolved these films by condensing 
water vapor on them. Finally, he regenerated the 
oriented film by evaporation of the water. In eval- 
uating his conclusion one must bear in mind that in 
the method that Schulz used the ions from an ori- 
ented deposit were just barely brought into solution 
by condensation of water vapor onto the film with- 
out a mechanical action so that the ions of the first 
oriented monolayer on being brought into solution 
probably never strayed far from the site on the sub- 
strate that they had occupied. In this way the 
oriented nucleus in solution continued to exist. 
Pashley [10] has oriented silver chloride on mica 
from the vapor phase with a misfit of —24 percent 
in spite of the fact that Royer [4] found the misfit 
limit of rock-salt lattice-type salts on mica from 
solution to be about 15 percent. On the basis of 
this evidence Pashley has suggested that the method 
of growth of oriented deposits is an important factor 
to be taken into account. 

While epitaxy that results from crystallizing the 
deposit material from solution may take place under 
fairly critical conditions of fit, results of experimental 
work on the deposition of metal films from their 
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FiGUKE 3. The [100], \110\, and {111} faces of 
a cubic crystal structure. 
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Figure 4. SUvcr on the [100] face of rock salt at 
ISO"" C. 

#, Silver; X, sodium ion; O, chloride ion 



vapors have shown that there is a wide tolerance in 
fit in many cases in which epitaxy has been found, 
and that the depositing vapor often chooses to con- 
dense in an orientation with respect to the substrate 
that from the standpoint of fit would be undesirable. 
To illustrate the point the orientation of silver depos- 
ited on the { 100 } , { 110 } , and {111} faces of rock salt 
will be reviewed (see fig. 3). 

Briick [11] in depositing silver from the vapor in a 
vacuum onto the cube face of rock salt at the char- 
acteristic epitaxial temperature for perfect orienta- 
tion on that face found that the silver single crystal 





FOUND 



NOT FOUND 



Figure 5. Silver on the { 100] face of rock salt at 450"^ C. 
#, Silver; X, sodium ion; Q, chloride ion 
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Figure 6. Silver on the { 110] face of rock salt. 
#, Silver; O, chloride ion; X, sodium ion 



grows with its {100} face resting on the substrate 
and lying parallel to tlie cube cdgo of the rock salt 
with 27.5-percent misfit in spite of the fact that it 
w^ould have a better fit (2.5-percent misfit) if it grew 
turned at 45 degrees to the sodium chloride cell 
(see fig. 4). Gharpurey [12] deposited silver oq the 
cleavage {100} face of rock salt at an elevated tem- 
perature (450° C) and found that at this temperature 
the silver deposits with its {110} face resting on the 
{100} face of the rock salt. It was inclined at 45 
degrees to the rock-salt cube with misfits of 2.5 
percent and 27.5 perceMit along the two directions of 
the rectangular parallelogram of the {110} face of the 
silver cube. From figure 5 one sees that an orienta- 
tion parallel to the rock salt cube would have given 
the same percent misfits. It is, however, not 
reported. 

Brii and Gharpurey [13, 14] found tbat when 
silver is deposited from its vapor onto a {110} face 
of rock salt, the {110} face of the silver rests on and 
is parallel to the {110} face of rock salt. The misfit 
is 27.5 percent in each direction considering the 
chlorine lattice. If the silver were rotated through 
90 degrees, the fit would be nearly perfect as is clear 
from figure 6, but this orientation is not reported. 
Similarly, on depositing silver from the vapor onto 
the {111} face of rock salt, they found that the {111} 
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face of silver was resting on the {111} face of sodium 
chloride (see fig. 7). The misfit on the {111} plane 
is 27.5 percent for the silver lattice. 

Brlick [11], who investigated the orientation of 
nine different metals on the cleavage face of rock 
salt, observed that whereas the cubic face-centered 
metals grew with their {100} face resting on the 
{100} face of the rock salt and oriented in the same 
way as the rock salt (i. e., with their cube edge 
parallel to the rock-salt cube), the cubic body- 
centered metals grew on the contact surface turned 
at 45 degrees to the rock-salt cube. In the case of 
the cubic body-centered metals, then, the orientation 
giving best fit is observed. 

From this evidence it appears that best fit is not 
the only criterion that determines whether or not 
epitaxy will occur in metals deposited from their 
vapors, or what orientation will be observed if it does 
occur. There appears to be some other factor 
involved that is more important than fit. An 
interpretation of the orientations that have been 
observed will be discussed at length in section 5, 
and the experimental observations reviewed here 
will be reexamined in the light of that discussion. 

Brlick found experimentally (by trial and error) 
the epitaxial temperature to produce single-crystal 
films of Cu, Pd, Au, Ag, Ni, and Al on the {100} 
face of rock salt. He tabulated these temperatures 
along with the lattice constant for each of the metals 
as is reproduced in table 1 without advancing an 
explanation for the differences in temperature. The 
most marked of these differences is that between 
silver and gold for which the lattice constants are 
nearly identical. Each of the metals listed has the 
cubic face-centered lattice. Three metals, Fe, Co, 
and Cr, for which Brlick was unable to reach the 
epitaxial temperature due to the fact that the rock- 
salt substrate sublimes at 540° C are not included in 
the table. 

Table 1 



Deposit 


Lattice 


Epitaxial 


metal 


constant 


temperature 




A 


°C 


Ni 


3.52 


370 


Cu 


3.60 


300 


Pd 


3.86 


250 


Al 


4.04 


440 


Au 


4.07 


400 


Ag 


4.08 


150 
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Figure 7. Silver on the [HI] face of rock salt. 
#, Silver; O. chloride ion 

2.2. Epitaxial Temperature 

As has already been stated, one of the conditions 
for laying down an oriented deposit of a metal from 
the vapor phase onto a substrate is that there exists 
a minimum substrate temperature, the epitaxial 
temperature, below which perfect orientation is not 
observed . 

Uyeda [15] has extended the investigation to a 
variety of substrates. 

The data of Brlick and those of Uyeda for the 
deposition of silver from tabulations given by Uyeda 
are listed directly in table 2. 

From this set of data it appears that the epitaxial 
temperature for orienting a given face parallel to the 
substrate (for example, the {100} face of silver 
parallel to the {100} face of galena, iron pyrite, and 
rock salt) is not very different for different substrates. 
The temperature for laying the {100}, {110}, or 
the {111} face of a given material parallel to a given 
substrate, however, is different. Brlick observed 
that, in general, the most densely populated plane 
tends to go parallel to the substrate at a relatively 
low temperature; then comes the next most densely 
populated at a higher temperature, and so on. The 
most densely populated plane for cubic face-centered 
metals is the {111} plane; for cubic body-centered 
metals, it is the { 110} plane. 

The question of what determines the epitaxial 
temperature for a given element remains as 3^et 



Table 2 



Substrate 


Crystal 
type 


Orientation 


Epitaxial 
temperature 


Molybdenite 

Ziiicblende 

Galena 

Iron pyrite 

Rock salt 


C7 
B3, B4 
Bl 
C2 
Bl 


(oooi)moS2II(iii)a.; [iotoImos^IKhow 

(110)zns||(110)Ag; [110]zns||[110]Ag 

(ioo)pbsll(ioo)Ag; [ioo]pb8l|[ioo]Ag 

(100)FeS2ll(100)A«; [100]FeS2ll[100W 
(100)NaCl||(100)Ag; [100]NaCl||[100]A« 


<20 
80-' 100 
100'^150 

-150 
150 
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unanswered. vSmollell and Blaeknian [16] have 
staled that is is hard to understand the temperature 
dependence of orientation in terms of critical misfit 
alone. Although it has been suggested that the 
epitaxial temperature may serve the purpose of 
ex])an(ling the lattice, such expansion can hardly 
play an important role since Eppelsheimer and 
Penman [17] have shown that the copper lattice 
constant increases only slightly over 1 percent 
between 18° and 770° C, which is negligible in com- 
parison with observed misfit in epitaxy. Neuhaus 
[18] has associated the epitaxial temperature with 
the lattice energy of the deposit and has concluded 
that the oriented deposits are not the result of 
adsorption (partial energy exchange) but are the 
result of a trtie two-dimensional reaction (complete 
energy exchange). 

3. Process of Epitaxy 

Since the first experunental work on oriented 
deposits was done, attempts have been made to 
explain the observed orientations. At the end of a 
very extensive experimental investigation, Koyer [4] 
summarized his observations in three empirical 
rules. These were (a) that within a certain tolerance 
the geometric distribution of lattice sites in the plane 
of the substrate and in that of the deposit should be 
identical or the distribution in one should be a 
simple multiple of that in the other, (b) that the 
deposit ions, which take positions that substrate 
ions would have taken had the substrate continued 
to grow, should have the same polarity that the 
substrate ions would have had, and (c) that the type 
of binding between elements of the deposit should be 
identical with that between elements of the sub- 
strate. He wrote the third rule with hesitancy since 
he was not certain that the evidence that was avail- 
able really proved it. Since then, Sloat and Menzies 
[6] found orientation of ammonium bromide and of 
cesium chloride deposited from aqueous solution onto 
a single crystal of silver. They interpreted the 
observed orientation by assigning positive charges of 
not necessarily effectively unit value to the atoms of 
the silver crystal. They assumed that these charges 
alined the negative ions that form lattice planes in 
the salts. Johnson [19] found epitaxy between 
sodium chloride deposited from solution onto ori- 
ented films of silver, which had the {100} and the 
{111} planes parallel to the surface, and on poly- 
crystalline silver sheet. He concluded that Koyer's 
third rule should be modified or abandoned. 

One of the earliest of the theoretical treatments of 
epitaxy was that of Dixit [20]. He considers that 
the first layer of adsorbed atoms in random lateral 
motion on an unattractive (amorphous) solid surface 
may be represented as a two-dimensional gas obey- 
ing essentially the ideal gas equation 



irA=RT. 



(1) 



Here tt is the two-dimensional pressure, A is the 
surface area per adsorbed molecule, li is the gas 
constant, and T is the temperature of the surface. 



The two-dimensional pressure t is givcFv hy 

7r=To— 7, (2) 

where 70 is a constant and 7 is the surface tension. 
By substituting the value of 7 given by the Ramsay- 
Shields equation, and by substituting succ(*ssively 
the area per molecule in the { 1 00 } , {110}, and { 1 1 1 } 
plane, he succeeded in showing that the temperature 
at which any of these orientations appear is dirc(^tly 
proportional to the area A in this plane. By nutans 
of additional assumptions, he was able to calculate 
appearance temperatures for these planes that com- 
pared very favorably with those observed . Although 
his treatment applies to an unattractive substrate, 
the difference in the appearance temperatures of 
these planes should be the same on any substrate 
if the assumption of a two-dimensional gas can be 
applied to the diffusion process on the substrate 
surface. 

Briick was aware of Dixit's work at the time that 
he discussed his own experimental results, but he 
regarded the treatment as inadequate although it 
was in line with his own observation that the densest 
plane of the deposit tends to go parallel to the sub- 
strate first. He noticed the seeming preference for 
misfit in the orientations of nine metals on the 
cleavage face of rock salt that he observed experi- 
mentally, and attempted to explain the results by 
saying that the orientation appeared to be such as 
to make the sum of the distances of the substrate 
ions of one species from the deposit atoms a minimum 
in a cell. He says that the arrangement takes place 
in such a manner that for the range of an elementary 
cell the sum of the distances of the atoms of the 
uppermost layer of the substrate from those of the 
deposit lattice will be as small as possible. Briick's 
rule has been supported by Uyeda, as we shall see 
in a moment, but it has been criticized both by 
Brii and Gharpurey [14] and by Thomson and 
Cochrane [21]. 

Thomson and Cochrane point out that what would 
be a favorable orientation in the first cell if Briick^s 
rule were obeyed would be an unfavorable one later 
on. This is, of course, true, and in this respect 
Briick's rule is inadequate although it points in the 
right direction. If Briick's rule is extended, how- 
ever, it can be used to define the most favorable 
orientation in terms of attractive bonding energy to 
the substrate for the largest area of monolayer 
deposit lattice that is capable of forming over the 
substrate in question. This will be discussed in 
more detail in section 5. Brii and Gharpurey dis- 
miss Briick's explanation as unconvincing in that 
among ions of the same polarity the distances have 
rather to be large than small [13]. However, it 
does not appear to be necessary to minimize a 
distance-sum over ions of the same polarity. It is, 
for example, not necessary to conceive of the {111} 
face of rock salt as being made up of sodium ions. 
To be absolutely realistic, the best {111} face that 
one could cut experimentally would undoubtedly 
house both ionic species. It appears that the com- 
ment of Brii and Gharpurey must have been directed 
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toward the fact that Briick, in considering the cleav- 
age face of rock salt, imagined the sodium ions de- 
leted from the lattice, so that a simple face-centered 
cubic structure of chloride ions remained. It was 
in a cell of this modified lattice that his rule applied. 
An extension of Briick's rule to include antibonding 
as well as bonding energy will be discussed at 
length in section 5. 

Thomson [22], and Thomson and Cochrane [21] 
thought that steps and cracks on the surface are 
often a determining factor in producing epitaxy. 
Wilman [23] rejects the explanation of Thomson 
and Cochrane. He states that rotational-slip results 
show that the existence of angles or edges of cleavage 
steps, whether these are macroscopic or only mona- 
tomic in height is quite unnecessary for epitaxial 
orientation to occur, but that if such steps or cracks 
are present, they may often determine the location 
or habit of the deposit crystals. 

Uyeda [15] regards the cracks and steps as con- 
tributing only a disturbance to the ideal case. He 
regards the preferred orientation as being induced 
by the periodic field of surface force, and has ad- 
vanced the following two assumptions in terms of 
which to discuss the oriented growth of crystals: 
(1) The configuration of atoms in a crystal bud 
formed on a base is almost the same as that formed 
in a free space, and (2) the interaction between the 
base and the crystal decides the orientation of 
crystals. He concludes that the orientation should 
be fixed while several atoms are gathering around a 
nucleus (compare Briick^s orientation in an ele- 
mentary cell) and states that this point of view 
supports Briick^s rule of orientation and explains a 
few phenomena concerning orientation qualitatively. 
He has, however, not made clear what he means b}^ 
interaction between the base and crystal. Kainuma 
[24] has found evidence in favor of Uyeda^s con- 
clusion. 

Kubo and Miyake [25] suppose that the vaporized 
metal atoms, after wandering on the surface, finally 
arrive at the foot of a nucleus and it is from here 
the cr^^stal growth commences. 

The mathematical treatment of Frank and van der 
Merwe [7, 8] has already been referred to. Their 
theory is based on the properties of a one-dimensional 
dislocation model. It consists of a row of identical 
balls connected by identical springs having force 
constant /x. The balls are acted on by a force that 
varies periodically with the position on the substrate. 
They let a be the wavelength of the potential due to 
the substrate and W/2 be its amplitude. The 
potential energy is represented by the first harmonic 
term (amplitude W/2) in a Fourier series. A differ- 
ence may exist between the natural spacing b of 
the balls and the wavelength a of the sul^strate field. 
From the theory for the model it turns out that 
when the natural spacing b of the balls differs from 
the wavelength a of the substrate field, the lowest 
energy state of the system is one in which there are 
no dislocations (small regions in which the balls 
would be spaced more closely or less closely than 
normal) up to a certain critical value of the misfit 



1/Po, where 



and 



l/Po==(&M— l)crltlcal=2/7r/o 
. ...7,2\l/2 






(3) 

(4) 



By using Lennard-Jones forces, and by assuming 
interactions with other deposit atoms and with 
substrate atoms are similar, they find the value of 
/o to be about 7 and hence the critical value of the 
misfit to be about 9 percent. Below this critical 
misfit the monolayer in its lowest energ}^ state is 
deformed into exact fit with the substrate. Above 
the critical misfit it is only slightly deformed on the 
average, but it contains many dislocations. Up to 
the larger critical misfit of 14 percent the monolayer 
can be deposited metastably in exact fit on the 
substrate at temperatures that are sufl^iciently low. 
Completely oriented overgrowth is to be expected 
only if the first monolayer can form over the entire 
surface under subcritical conditions. 

Smollett and Blackraan [16] have investigated the 
stability of a strained two-dimensional layer. The}^ 
evaluated the lattice constants of a two-dimensional 
alkali halide layer strained to fit on an alkali halide 
crystal substrate. For a series of cases in which 
oriented overgrowth is found experim.entally they 
found instability in the initial deposited layer if it is 
strained to fit the substrate. They conclude that 
experimentally observed orientations cannot result 
from an initially uniformly strained layer such as is 
indicated by the Frank-van. der Merwe theory. 
They further conclude that the initial lattice must 
be distorted in the sense that displacements occur, 
but that the lattice constant of the deposit material 
remains more or less unchanged. 

In analyzing the forces that operate in epitax}^ 
from solution, Sloat and Menzies [6] state that the 
most important are the mutual attraction between 
the solute ions and the substrate ions, and the mutual 
attraction between oppositely charged solute ions. 
Following Lennard-Jones and Dent [26] they further 
analyze the first force m.entioned into four parts: 
(1) Electrostatic attraction of the ionic charge to 
the valency charges of the substrate; (2) the force 
of attraction between substrate ions and the dipole 
which i^esults from the polarization of the attracted i 
ion by the surface field; (3) the attractive force 
resulting from the polarization of the surface ions | 
by the attracted ion; and (4) the van der Waals | 
attraction between neutral atoms. The van der i 
Waals attraction is operative at longer distances, but j 
at short range the electrostatic force is much greater ] 
in magnitude. They conclude that it is first the 
van der Waals force which is operative; then the 
electrostatic. They ascribe the final capture of an 
ion, and the fixing of the ion. into the space lattice 
of the substrate, to the electrostatic forces. 

It appears that a similar mechanism must operate 
in the epitaxy of metals deposited from their vapors, 
although Rliodin [27, 28] has found rather surprising 
agreement on the assum.ption of van der Waals 
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forces. However, his criterion of the completion of 
the deposition of a monolayer was conductivity across 
the film. It is hard to believe that a continous 
monolayer of metal is ever produced because of the 
strong cohesive forces of the deposit. Rather it 
would seem that aggregates of a number of layers in 
depth eventually grow together. One can then 
hardl}^ talk about the binding force of the first layer 
from a conductivity measurement. 

4. A Model for Metal-Rock Salt Pairs 

In order to establish a basis on which prediction 
of metal-substrate pairs for vapor-phase deposition 
and of their epitaxial temperatures can be made, it 
is necessary to know the process involved. If this 
process can be understood for one substrate, it can 
be generalized to others. With this view in mind the 
special case of the epitaxy of metals on a rock-salt 
substrate has been considered [28a] because a larger 
amount of experimental data exists for this substrate. 
We shall start with the following assumptions: 
(1) Orientation must result from the interplay of 
forces, and (2) the preferred orientation must be the 
configuration of lowest energy. If we assume that 
the first layer of deposit-metal exists as atoms, the 
forces, in addition to van der Waals forces, that are 
involved are electrostatic forces acting between the 
substrate ions and the dipoles induced by the sub- 
strate ions in the neutral metal atoms. If, on the 
other hand, we consider that the atoms of the first 
layer of deposit-metal become ionized, they are 
electrostatic forces acting between the ions of the 
substrate and deposit-metal ions on the surface. 
When neutral metal atoms arrive on the surface of 
the substrate, forces of the first kind are operative. 
If, after arrival on the surface, the deposit-metal 
atoms permanently lose one or more electrons, forces 
of the second kind exist. A true two-dimensional 
reaction can then occur between the deposit-metal 
ions and the anions of the substrate so that at the 

I interface the three layers — substrate salt, deposit- 
metal salt monolayer, deposit-metal — exist. The 
deposit-metal salt that forms as a result of this re- 
action must be sufficiently mobile to diffuse on the 
surface possibly in the form of symmetrical units, or 
lattice cell fragments, such as discussed by Zener [29] 
until larger static aggregates are formed. It would 
appear that the epitaxial temperature should be re- 
lated not only to the mobility of this salt, which in 

I the form of larger aggregates is eventually firmly 
anchored to the substrate by true electrovalent bonds, 
but that the epitaxial temperature is also a function 
of the ionization potential of the respective metals. 
Thermal ionization at the expitaxial temperature is, 
of course, out of the question because of the vanish- 
ingly small value of the Boltzmann factor. But the 
combined effect of thermal energy and the availabil- 
ity of electron traps on the surface could be sufficient 
as we shall see in a moment. If one plots the first 
ionization potential of each of these metals against 
the epitaxial temperature, there is no relation be- 
tween them. If, on the other hand, one plots the 
ionization potential of the most commonly encoun- 



tered ionization state, the trend is along a line (see 
fig. 8, and reference [32]). For these metals the only 
valence states used that are higher than the lowest 
ionization state possible for the atom in question 
under usual conditions are Cu ii, An in, and Ni in. 
We shall return shortly to a discussion of the reason- 
ableness of assuming that these will be the most 
stable valence states to be expected for these metals, 
and we shall consider first whether or not the process 
that has been advanced is energetically feasible. 

In considering what could constitute trapping sites 
for the electrons, one might at first sight fix upon the 
sodium ions. That this is not a logical choice, how- 
ever, is evident from the fact that if rock salt is 
heated in sodium-metal vapor, i^-centers are formed 
in preference to the alternative that the lattice should 
house sodium metal interstitially. The i^-centers 
(Farbzentren, or color centers) are vacant chloride 
ion sites, which due to their effective positive charge, 
have trapped an electron whose orbit then extends 
over the six surrounding sodium metal ions. They 
may be regarded as a vacant negative ion site at 
which one of the nearest neighbor positive ions has 
gained the electron and become a neutral metal atom. 
If we write M for the deposit-metal, S for a vacant 
negative ion site, and 7^ for a color center, then we are 
concerned with the energy for the two-step process, 



Step(l): M0-7i6-^M~+ 
Step (2) : nS+ne^nF, 



(5) 
(6) 



The second step in sodium chloride involves about 
2.7 ev. This is the peak of the characteristic absorp- 
tion band of the i^-centers [30]. The metal atom, 
let us consider it to be silver, is first adsorbed from 
the vapor onto the cleavage face of the rock salt. 
After a certain period of time, during which it is 
adsorbed on the surface, loss of an electron takes 
place. Since the silver atom is on the surface of the 
sodium chloride, the energy required is less than the 
gas phase ionization potential of silver. That is, the 
ionization potential is reduced because of the dielec- 
tric constant of the salt. Because a thermal rather 
than an optical process is involved, the static dielec- 
trie constant K is in question rather than K optical 
arising from the distortion of the electron clouds. 
The whole value of K would be effective only if the 
process took place below the surface of the crystal, 
that is, if the adsorbed atom were completely dis- 
solved in the rock salt. If the cleavage plane were 
atomically smooth, one might reasonably assume that 
the dielectric constant should be reduced by some- 
what less than half. Actually the factor 0.44 has 
been used as this gives the lowest positive value for 
AE in the case of silver for which the data are known 
most accurately. In addition to the energy available 
from eq (6) there is also available the energy of plac- 
ing a Ag"^ ion over a Cl~ ion on the cleavage plane. 
If the cleavage plane were atomically smooth, this 
energy would be given by [31] 



^ 0.066^2 



(7) 



251762—53- 
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where e is the electronic charge, and where r is the 
Ag'^-Cl" distance of separation. The first ionization 
potential of silver [32] is 7.574 ev, the dielectric 
constant of rock salt [30] is 5.62, and if we take the 
Ag'*"-Cl~ distance to be the sum of the ionic radii 
(Goldschmidt radii are Ag+-=1.13 A, Cl- = 1.81 A), 
then 



^E-- 



7.574 
'0.44i^' 



-2.7- 



0.0666^ 



= 0.04ev. 



(8) 



In the case where a doubly charged ion is produced, 
as in Pd+"^, an additional energy is involved due to 
the polarization of the surface ions by the double 
positive charge. Wright [33] gives the potential 
when an electron is added at a positive ion site in 
sodium chloride as —2.5 ev. It would appear that 
on the surface, although the Pd"*"^ ion has only one 
nearest neighbor Cl~ ion, it sees all of the ions in the 
plane on which it is standing, so that the polariza- 
tion energy is a large fraction of that which results 
when an electron is given to a positive ion in the 
interior of the salt. A reasonable guess might be 
0.7 of this value or 1.75 ev. In the case of forming a 
doubly charged ion, two i^-centers are involved and 
the energy for placing the ion on a Cl~ ion in the 
plane is doubled. Because the second ionization 
potential of palladium is 19.42 ev [34], the energy for 
producing the Pd"^"*" ion is given by 



^E= 



19.42 



0.44i^ 



-2(2.7)-2(0.066e7r)- 



-0.7(2.5)-0.01. 

(9) 



There is little point in estimating the energy change 
for a triply charged ion such as Au"^"^"^ because of the 
uncertainty both in the value of the ionization 
potential and in the polarization energy. 

This value of AE*, however, does not determine the 
equilibrium constant. It is really the thermo- 
dynamic A£o or energy change for the reaction at the 
absolute zero of temperature. The equilibrium 
constant K is given by 



-lnK=AF'IET, 



(10) 



where R is the gas constant, T is the absolute tem- 
perature, and AF^ is the standard free-energy change. 

AF'=AE'o+A (^^^^^ T. (1 1) 

For the ionization process postulated, the second 
term on the right for silver is 

L\ -^ /Ag+ \ J- /F-center 

\ ^ / A.g \ J- /vacaflt-sitej 



This information is not available and consequently 
the equilibrium constant cannot be calculated. 



If it is conceded that ionization of the deposit 
atoms does occur on the surface of the substrate, and 
the evaluation of the energies involved appears to 
indicate that such a process is feasible, then it must 
also be conceded that the epitaxial deposits consist 
of the layers: rock salt, deposit-metal salt, deposit- 
metal, of which the deposit-metal salt layer is a 
monolayer. If this is indeed true, we must expect 
in every case in which epitaxy is observed that there 
is epitaxy between rock salt and the deposit-metal 
salt as well as epitaxy between the deposit-metal 
salt and the deposit-metal, and we must consider the 
lattice fit between the salt lattices, and that between 
the deposit-metal salt lattice and the deposit-metal 
lattice rather than the fit between the metal lattice 
and the rock-salt lattice as has been done so far. 

Following this point of view, when the silver metal 
itself deposits, it does so on an oriented surface of 
silver ions. Here, three cell lengths of the silver 
chloride lattice (16.62 A) are closely equivalent to 
four cell lengths of bulk silver (16.32 A). The ease 
with which the films can be floated from the salt 
cakes seems to indicate that they are not bonded to 
the substrate cell by cell such as an additional layer 
of sodium chloride would be. Rather, there must 
literally be tunnels through which the water can 
flow under the film. 

Some very interesting experimental work has been 
done recently by Johnson [35] in regard to epitaxy 
of salts on metal surfaces. He found epitaxy be- 
tween rock salt and the following metals: Cu, Ag, 
Au, Zn, Pb, Sb, and Bi, when he evaporated a salt 
solution on the metal. Two metals known to exhibit 
epitaxy when deposited from the vapor onto a rock- 
salt cleavage plane were negative to Johnson's test. 
These were nickel and aluminum. While one might 
ascribe the negative result in the case of nickel to 
the large misfit between the nickel lattice and the 
rock salt lattice, one could hardly advance this argu- 
ment in the case of aluminum where the lattice con- 
stant is very close to that of silver and gold. The 
answer may then possibly be that it is not necessary 
that there should be epitaxy between rock salt and 
the metal itself, but that it is only necessary that 
there should be epitaxy between rock salt and the 
metal salt; and again, epitaxy between the metal 
salt and the metal as has just been indicated. John- 
son explained his results by assuming the presence of 
an oriented oxide layer on the metal. Where the 
oxide layer was known to be amorphous, orientation 
did not occur. In the case of silver and gold no 
oxide layer was considered to be present. In this 
connection Johnson states that it is possible then 
that the oriented growth of sodium chloride on silver 
did involve an intermediate thin layer of silver 
chloride. Silver produced a much better orientation 
of the sodium chloride than did the gold. In regard 
to this, Johnson states that the difference in behavior 
of silver and gold must be attributed to differences 
in their chemical activity. Briick [11] also found 
that silver was a more efficient substrate material 
than gold as is evident from the epitaxial tempera- 
tures that he found for deposit-substrate pairs given i 
in table 3. i 
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Table 3 




Substrate 


Deposit 


NaCl 


Ag 


Au 


150 
100 
250 


400 
300 


Ag- 

Au 



Sloat and Menzies [6] have shown that sodium 
chloride can orient silver chloride and Wilman [36] 
has shown that silver can orient silver chloride. 
Consequently, orientation is possible through the 
three layers: NaCl, AgCl, and Ag. In the list of 
positive and negative cases of epitaxy given by van 
der Merwe [8] it is indicated that copper does not 
orient cuprous chloride. It remains to be shown 
that copper does orient cupric chloride since accord- 
ing to the plot of epitaxial temperature against 
ionization potential shown in figure 8 one is led to 
believe that the divalent salt forms. Only by obtain- 
ing similar data for the other metals for which the 
epitaxial temperature on rock salt is known, can it 
be shown that the valence state indicated by the 
epitaxial temperature is the only ionization state for 
which the metal salt will orient both the substrate 
salt and the metal deposit. 

Of the metals so far considered (data of Briick [11]) 
the only valence states used that are higher than the 
lowest state possible for the elements in question 
under usual conditions were Cu ii, Au iii, and Ni in. 
In determining whether or not chlorides in these 
valence states would be stable at the epitaxial tem- 
peratures required, one must consider both the 
stabilizing effect of the sodium chloride and the fact 
that a monolayer is in question. Morris [37], for 
example, has found that auric chloride solution 
containing sodium chloride is stable to 450° C but 
auric chloride by itself decomposes at a much lower 
temperature. Wliat effect stabilization due to the 
sodium chloride may have in determining the valence 
state that should be observed can only be surmised. 
The chemistry of thin layers, let alone monolayers, 
has been investigated very little. In regard to the 
use of the higher oxidation state for gold, it is note- 
worthy that aurous chloride undergoes dismutation 
with ease to produce auric chloride and gold. 

The limitations of the graph shown in figure 8 
must be clearly borne in mind. Each of the six 
metals on it has the cubic face-centered lattice type. 
The epitaxial temperature for each is for deposition 
of the {100} plane parallel to the {100} plane of 
rock salt. It is to be noted that for face-centered 
cubic lattices, the orientation with the {111} plane 
parallel to the substrate should occur at a lower 
temperature than that for orientation of the {100} 
plane parallel to the substrate. However, the 
orientation with the {111} plane parallel to the sub- 
strate in many cases never appears. Briick, for 
example, observed that this was true for copper, 
palladium, nickel, and cobalt. He found that the 
{HI } orientation parallel to the substrate did appear 
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for gold and aluminum and that there was some 
indication of its appearance for silver. The fact 
that it does appear in aluminum, and must be forced 
out by increase in temperature, may account for the 
poorer fit of aluminum on the graph. If the epitaxial 
temperature for laying down the {111} plane of 
aluminum parallel to the substrate (which may be 
taken to be about 350° C since above this value the 
{100} plane starts to deposit) were used for alumi- 
num, this metal would have a much better fit on the 
graph. This, too, would be in line with the assump- 
tion that the metal must be ionized to be oriented at 
all. Gold would also be displaced to the left on this 
reasoning. 

In the discussion of Dixit's investigation in section 
3, it was pointed out that although his treatment 
applies to an unattractive substrate, the differences 
in his appearance temperatures should be correct for 
any substrate if the assumption of a two-dimensional 
gas can be applied to the diffusion process on the 
substrate surface. For silver, Dixit finds the {111} 
appearance temperature to be 659° C and that of the 
{100}^ face 801° C. The difference is 142 degrees. 
Briick reports that silver can be oriented fairly well 
at room temperature. At 150° C he obtained single 
crystal orientation with the {100} face parallel to the 
substrate, but sometimes, in the foils nearly oriented 
to a single crystal, there was a light superimposition 
with the {111} structure. Assuming that the first 
observed orientation was with the {111} plane parallel 
to the rock salt, the temperature range between the 
two orientations is about 130 degrees. For alumi- 
num on an unattractive substrate Dixit found for 
the {111} appearance temperature 264° C, for the 
{100 1 appearance temperature 346° C, and for the 
{110} appearance temperature 602° C. The differ- 
ence between the appearance temperatures for the 
{100} and {111} planes is 82 degrees. In regard to 
aluminum Briick states that above 350° C the single 
crystal drives out gradually the {111} structure until 

3 Dixit, who was considering interplanar spacings, used the notations {200} and 
{222} instead of {100} and {HO} . 
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it only exists at 440^ C. The aluminum film at 
440° C has the {100} plane parallel to the rock-salt 
cleavage plane. This is a temperature range of 90 
degrees, which again compares favorably with the 
difference in Dixit^s calculated values. This agree- 
ment appears to indicate that the same assumption 
of a two-dimensional gas may be applied to attractive 
substrates. 

There appear then to be two temperature depend- 
ent processes: (1) the ionization process and (2) the 
process by which the {111}, {100}, and {110} planes 
orient parallel to the substrate. The second process 
is a complicating factor in the first. The answer to 
the question as to why orientation with the {111} 
plane parallel to the substrate does not make its 
appearance for every metal is not clear. It must be 
energetically forbidden. The answer may be simply 
that the temperature required to produce ions that 
can be oriented at all in sufficient number is already 
in excess of that at which the {111} plane would 
orient parallel to the substrate if ions had been avail- 
able. Then the next most densely populated plane, 
the { 100 } plane for the face-centered cubic structure, 
would show up. 

5. Retrospect 

In this section we return to the experimental re- 
sults that have been cited for the deposition of metals 
from their vapors onto a rock salt substrate to find 
if the ionization process that has been advanced can 
explain the orientations which have been found. At 
its epitaxial temperature, Briick found that silver 
deposits on the cleavage face of rock salt in the way 
indicated in figure 4, although, if there were a relative 
rotation of 45 degrees, the orientation designated as 
not found in figure 4, the misfit would be very much 
less. It is interesting to observe from the two- 
dimensional sketches that the misfit orientation that 
is actually found places a chloride ion in closest prox- 
imity to a silver atom (or silver ion, in terms of the 
ionization process discussed) and leaves the sodium 
ions with no silver close by. If the silver cube 
diagonal did lie along the rock-salt cube edge (the 
orientation involving best fit, but which is not found) 
a sodium ion would make a close approach to a silver 
atom. If the silver atom is really a silver ion, this 
would involve repulsion. If silver ions, rather than 
silver atoms, are involved, the orientation observed 
is in accord with Koyer^s second rule, which says 
essentially that you will not get epitaxy if ions of the 
wrong polarity have to be brought together. This 
rule is for the orientation of charged ions depositing 
out of solution. The fact that it indicates as impos- 
sible the orientation that is actually not found, but 
which one would expect to find on the basis of best 
fit, lends support to the idea that charged ions are 
involved. The orientation that is found appears to 
try to establish as closely as possible a monolayer 
lattice of silver chloride using the anions of the sub- 
strate. The lattice constant of silver chloride 
(a=5.545 A) is nearly the same as the lattice con- 
stant of sodium chloride (ci=5.628 A). A close 



approach to this hypothesis was made by Drabble 
[38] who concluded that the epitaxy is such that the 
nearest possible coordination fit between the silver 
chloride (sodium chloride type structure) and silver 
structures occurs across the interface. The conclusion 
of Drabble is cited by Brii and Gharpurey [13, 14] 
in regard to their own experimental results. 

In the deposition of silver on the {100} face of rock 
salt at 450° C one sees again in the orientation not 
observed that sodium ions would be brought close to 
silver ions and the situation is the same as that just 
discussed (see fig. 5). It was pointed out in regard 
to the deposition of silver on the {110} face of rock 
salt that if the silver were rotated through 90 degrees, 
the fit would be nearly perfect, but that this orienta- 
tion is not found. The orientation of best fit which 
is not found experimentally would again involve a 
close approach of the silver ions to the sodium ions 
(see fig. 6). 

As was also pointed out previously, Briick found 
that whereas the cubic face-centered metals grew 
with the {100} plane resting on the {100} of rock 
salt and oriented with their cube edges parallel to the 
rock-salt cube, the cubic body-centered metals grew 
on the contact surface turned at 45 degrees to the 
rock salt cube. From figure 4 it is clear that in the 
case of a cubic body-centered metal, there would be 
no interference from repulsion of sodium ions in de- 
positing such a metal with its cube diagonal along 
the sodium chloride cube edge because there would be 
no deposit-metal ions in these positions. 

We see that although Briick's rule points in the 
right direction, it needs to be extended. If we con- 
sider that electrostatic forces are involved, we must 
say that the arrangement is such as to give maxi- 
mum bonding to the substrate for the largest aggre- 
gate that is capable of forming. One must then 
sum the attractive bonding energy, and the repul- 
sive antibonding energy between each silver ion and 
its four nearest neighbor substrate ions of each spe- 
cies over the area that is defined by the points where 
exact fit is obtained between the substrate salt lat- 
tice and the deposit-metal salt lattice. If the sum 
of the attractive energies (— ) added to the sum of 
the repulsive energies (+) is negative, the arrange- 
ment is stable, but if it is positive, the arrangement 
in question should not exist. It should be possible 
to explain all of the orientations that have been 
found by determining these sums graphically both 
for these orientations and for other possible orienta- 
tions which are not observed. It should also be pos- 
sible to explain the laying down of the {100} plane 
and the {110} plane of the face-centered cubic met- 
als parallel to the substrate at higher temperatures 
as higher energy configurations which are neverthe- 
less stable (i. e., the sign of the sum is negative). 

A small square region (15 cell lengths by 15 cell 
lengths) of silver-chloride lattice imposed on the 
rock-salt lattice has been mapped. A silver ion was 
placed directly over a chloride ion at the origin and 
actual measurement of Ag+-Cl~ distances, and ' 
Ag"^-Na+ distances was carried out in the first quad- 
rant only. At a cell having coordinates of seven j 
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cell lengths from the origin along both the ordinate 
nncl abscissa the misfit has become about 10 per- 
cent. The cell at this distance from the origin is 
shown in figure 9. Each silver ion in the area con- 
sidered has foui- chloride ion neighbors and four 
sodium ion neighbors in the plane below the silver 
ion monolayer. Planar distances, which were meas- 
uivil, were converted to actual distances by means 
of a graph of planar distance versus actual distance 
for which the actual distances were computed b}^ 
using a 20-inch log-log vector slide rule. The bond- 
ing energy is the sum of e^lr, where the distances, r, 
are those of the silver ions from their chloride ion 
neighbors. The antibonding energy is the sum of 
e^/r, where the distances, r, are those of the silver 
ions from their sodium ion neighbors. In the count- 
ing process, each distance is counted twice except 
for the Ag"^-Cl~ distance at the center of the cube 
face. Where distances were counted twice, half the 
sum was taken. The result for the first row along 
the abscissa for seven and a half cells was 7.092 e^ 
for the bonding energy, and 4.821 e^ for the anti- 
bonding energy. The net bonding energy was 2.271 e^. 
For the seventh row above the abscissa where net 
the maximum misfit reached about 10 percent, the 
bonding energy had decreased only to 2.259 e^. 
At this rate of decrease a very large area could be 
covered before the antibonding energy became equal 
to the bonding energy. In this connection, Hass [39] 
has found that very thin silver films deposited on 
collodion exist as isolated granules 100 A to 150 A 
in diameter, but that thin silver films deposited on 
rock salt do not contract as strongl}^ into isolated 
granules. Measurement of distances for only the 
first cell at the origin with the silver chloride turned 
at 45 degrees with respect to the rock salt cube gave 
an energy already slightly antibonding. Hence at 
a nucleus consisting of the first cell, this orientation 
became impossible. 

To find if this basis for predicting epitaxial tem- 
peratures has any real value, Suddeth and McCraw 
have carried out evaporations of metals in a vacuum 
on rock salt at temperatures wiiich their common 
ionization potential w^ould indicate to be about 
correct on the graph of epitaxial temperature 
against ionization potential (see fig. 8). In the case 
of lead, which according to its ionization potential 
should have oriented at about 200° C, a slight orien- 
tation was found at 225° C. However, the results 
with lead were not reproducible even among separate 
deposits on the same cleavage surface which were 
made simultaneously and in no case was complete 
single crystal orientation obtained. It is possible 
that the misfit was too large and that better results 
would have been obtained on potassium chloride, but 
there was no potassium chloride single crystal on 
hand at the time to use for the purpose. Lead is 
cubic face-centered with a =4.93. Lead chloride is 
orthorhombic. The cell dimensions are: a=9.030, 
J=7.608, and c=4.525. 

According to the graph of epitaxial temperature 
against ionization potential, antimony, with a com- 
mon valence of three, should orient at about 380° C. 




Figure 9. Misfitted silver ion lattice on rock salt. 
#, Silver ion; X, sodium ion; Q, chloride ion 

Suddeth and McCraw^ have found partial orientation 
for antimony from 250° to 410° C. They found 
appearances in the diffraction patterns similar to 
those observed by Briick for aluminum and gold, 
which he interpreted as the transition from deposition 
with the {111} face parallel to the substrate to deposi- 
tion with the {100} face parallel to the substrate. 
Suddeth and McCraw^ have not as yet obtained a 
perfect single crystal of antimony having only the 
{100} face parallel to the rock salt. Antimony has 
the arsenic- type lattice. For the antimony cell 
a=4.50, and the nearest neighbor distance d is 2.87. 
Data for antimony trichloride do not seem to be 
available. For SbL in a bimolecular cell, ao = 8.186 
with a =54° 14' and in a hexagonal pseudo cell 
a; = 7.466andc; = 20.89. 

According to the graph of epitaxial temperature 
against ionization potential, platinum for an ioniza- 
tion state of two should orient at about 250° C. 
Thirsk [40], by employing evaporation from a hot 
platinum wire, has obtained orientation of Pt on 
potassium chloride at the epitaxial temperature of 
250° C with the Pt-cube edge parallel to the cube 
edge of the substrate. The { 100} face of potassium 
chloride was used. The epitaxial temperature on 
rock salt will not be very different judging from the 
data of Briick where he used potassium chloride as 
substrate as well as sodium cldoride. The data for 
the three metals for which he found the epitaxial 
temperature on both substrates are given in table 4. 

Table 4 



Substrate 


Metal 
deposit 


Epitaxial 
temperature 


NaCl 


Ag 
Ag 

Pd 
Pd 

Ni 
Ni 


150 
150 

250 
250 

370 
410 


KCl 

NaCl 


KCl 

NaCl 


KCl 
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Briick pointed out in regard to these data that the 
temperature varied in the case of nickel where the 
misfit was large. 

Consequently, it seems fairly certain that when an 
adequate method is used for depositing platinum on 
rock salt, it will be found to orient at a temperature 
close to that predicted by the graph of epitaxial 
temperature against ionization potential. 

Suddeth and McCraw made an evaporation of tin 
at the epitaxial temperature which the graph would 
predict for the valence state of two. The result was 
negative with pure tin but showed considerable orien- 
tation in an impure sample which probably contained 
lead. 

6. Summary 

From an analysis of experimental data on the 
formation of oriented deposits of metals from their 
vapors in a vacuum onto salt substrates, it appears 
reasonable to suppose that a surface ionization proc- 
ess may explain the existence of metal ions that are 
brought into preferred orientations by attractive 
electrostatic forces that act between them and the 
subtrate ions. A relation between ionization poten- 
tial and the epitaxial temperature at which the 
{100} plane deposits parallel to the {100} plane of 
the rock-salt substrate has been found which may 
be useful as a basis for making predictions as to the 
temperature at which orientation will occur. The 
results appear to indicate that the sequence of 
layers — substrate salt, deposit-metal salt monolayer, 
deposit-metal — exists . 

In making a prediction of a substrate-metal pair 
and of the temperature at which orientation of the 
{100} plane of the deposit parallel to the {100} 
plane of the substrate should occur: (a) It is neces- 
sary to consider the lattice fit between the substrate 
salt and the deposit-metal salt, and the lattice fit 
between the metal salt and the metal. (Structure 
data for many of the metal salts in the anhydrous 
state are at present unavailable.) (b) The epi- 
taxial temperature can be roughly estimated from 
the accompanying graph by using the most common 
ionization potential of the metal in question. But 
if the metal salt corresponding to this ionization 
potential is unstable, or if this salt cannot orient on 
the substrate salt, a higher ionization state (and cor- 
respondingly higher epitaxial temperature) may be 
required. 
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